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S O F T  R O B O T S
Soft phototactic swimmer based on self-sustained 
hydrogel oscillator
Yusen Zhao1, Chen Xuan2*, Xiaoshi Qian1, Yousif Alsaid1, Mutian Hua1, Lihua Jin2, Ximin He1,3†
Oscillations are widely found in living organisms to generate propulsion-based locomotion often driven by constant 
ambient conditions, such as phototactic movements. Such environment-powered and environment-directed 
locomotions may advance fully autonomous remotely steered robots. However, most man-made oscillations 
require nonconstant energy input and cannot perform environment-dictated movement. Here, we report a self- 
sustained soft oscillator that exhibits perpetual and untethered locomotion as a phototactic soft swimming robot, 
remotely fueled and steered by constant visible light. This particular out-of-equilibrium actuation arises from a 
self-shadowing–enabled negative feedback loop inherent in the dynamic light–material interactions, promoted 
by the fast and substantial volume change of the photoresponsive hydrogel. Our analytical model and governing 
equation unveil the oscillation mechanism and design principle with key parameters identified to tune the dynamics. 
On this autonomous oscillator platform, we establish a broadly applicable principle for converting a continuous 
input into a discontinuous output. The modular design can be customized to accommodate various forms of input 
energy and to generate diverse oscillatory behaviors. The hydrogel oscillator showcases agile life-like omnidirectional 
motion in the entire three-dimensional space with near-infinite degrees of freedom. The large force generated by 
the powerful and long-lasting oscillation can sufficiently overcome water damping and effectively self-propel away 
from a light source. Such a hydrogel oscillator–based all-soft swimming robot, named OsciBot, demonstrated 
high-speed and controllable phototactic locomotion. This autonomous robot is battery free, deployable, scalable, 
and integratable. Artificial phototaxis opens broad opportunities in maneuverable marine automated systems, 
miniaturized transportation, and solar sails.
INTRODUCTION
Phototaxis, spontaneous and directional movement toward or away 
from light (1), has been observed in many living organisms—such as 
Platynereis dumerilii (2), jellyfish (3), and insects (4)—for navigation 
and photosynthesis. Such stimuli-dictated and environment-powered 
directional locomotions, if realized with human-made robots, would 
open new avenues for fully autonomous remotely steered robots. 
However, artificial phototaxis, the locomotion following illumination 
direction, has not been realized, despite considerable efforts on 
photoactuation that have typically been nondirectional (nastic 
movement) (5). Biological phototaxis has typically been realized by 
helical swimming (2) or oscillatory propulsion (3). Oscillation is a 
classic mechanical motion used to generate kinetic energy in pro-
pulsion and directional locomotion for various applications, such 
as robots (6), wind-powered drones (7), sensing (8), and energy 
coupling (9). Current human-made oscillations are typically generated 
by stimuli variation or intermittent power transmission, such as using 
AC signals on a piezoelectric transducer. Thus, these systems require 
a tethered or battery-connected power source and complicated mecha-
nisms. By contrast, living organisms can directly harness energy from 
a constant ambient environment and produce autonomous oscilla-
tions like heartbeats, neuron impulses, circadian clocks, and cell 
division (10). Biological oscillations are mainly out-of-equilibrium 
phenomena arising from built-in negative feedback loops, which are 
able to interconvert between two or more kinetically stable states 
(10). If human-made oscillations could be generated using life-like 
mechanisms and powered by constant environmental sources, it would 
be extremely advantageous for robotics, especially untethered auto-
nomous robots; however, it remains another great challenge. Hence, 
the above two challenges in realizing environment-dictated movement 
directionality and generating oscillatory motion from non-oscillatory 
ambient input make realizing artificial phototaxis prohibitively difficult.
In recent years, several new materials and mechanisms of oscilla-
tion have emerged from attempts to create synthetic active systems 
that can autonomously oscillate under respective constant stimuli. 
Examples include chemo-mechanical oscillation based on the 
Belousov-Zhabotinsky reaction (11, 12) and nonredox reaction (13), 
chemo-mechano-chemical self-regulation (14), thermo-mechanical 
oscillation (15), humidity-driven mechanical oscillation (16), and 
pressure-induced mechanical oscillation (17). Nevertheless, few of 
these materials and mechanisms could be applied to create autonomous 
soft robots, due to constraints on their ability to realize remotely and 
precisely controlled locomotion of high degrees of freedom (DOFs).
Among several attempts to address these issues, photonic energy 
has been used because of the synergetic capabilities of wireless sig-
naling, remote powering, and directional control (18). Currently, most 
of the reported work on photoactuation under unsteady state is 
focused on liquid crystalline networks (LCNs), using preoriented 
mesogens to induce substantial configuration change associated with 
the photon-induced phase transition (19–24). However, limited by 
the mesogen alignment prerequisite, the LCN-based oscillators are 
predominantly shaped into thin films, which suffer from single- 
direction actuation, low available thickness (20 to 50 m) for generating 
sufficient forces, complicated fabrication with strict requirements, and 
limited capabilities to operate with a load or in an ambient envi-
ronment with a high damping coefficient, i.e., in fluids. Moreover, 
relying on an anisotropic-isotropic phase transition to power 
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macroscopic motion, the current material systems are quite selective 
in the input photonic energy, which usually bears high requirements 
in polarization (19–21), wavelength (20), and narrow operation 
windows (25).
Here, we report a visible light–triggered self-sustained oscillation 
effect of a hydrogel system showing arbitrary directional motion in 
fluids with high damping coefficients. The hydrogel oscillator exhibited 
high scalability (0.36 to 1.1 mm in thickness) and broad operational 
window (120 to 1125 mW of light) without the need of a polarized 
light source. Typically, we used a facile one-step synthesis strategy 
to incorporate the thermally responsive poly(N-isopropylacrylamide) 
(PNIPAAm) hydrogel, which undergoes volumetric change as high 
as 70% at elevated temperatures (~32°C or other tunable transition 
temperatures), with gold nanoparticles (AuNPs) embedded as visible 
light absorbers (fig. S1). To demonstrate the design generality and 
broad operation condition, we have also achieved hydrogel oscillation 
under ambient, diffusive light using broadband white light as input 
and polyaniline (PANi) as absorbers. We achieved oscillatory 
behavior by establishing a built-in negative feedback loop through 
self-shadowing and efficient diffusion/mass transfer. The symmetric 
cylindrical hydrogel pillar design allows for omnidirectional oscillation 
covering the entire three-dimensional (3D) space at a wide range of 
deflection angles (the angle between the deflected direction and the 
initial direction; Fig. 1B) from ±90° to nearly 0° (zenith angles) and 
0° to 360° wide azimuthal angles. Through computational analytical 
modeling, a quantitative model with the governing equation of 
dynamics was established. It not only has precisely depicted the 
complex physics and identified the key parameters as a robotic design 
tool but also enables accurate prediction of oscillation frequency 
with >90% agreement with the experimental results.
Ultimately, we have demonstrated that this soft agile hydrogel 
oscillator is capable of producing significant work, specifically 
propulsion-enabled locomotion. As a soft swimming robot, termed 
“OsciBot,” its efficient self-propulsion mimicked biological negative 
phototaxis, the behavior of moving away from a light stimulus. This 
hydrogel oscillator was able to generate remarkably large forces, 
which were enough to overcome the damping load in an aqueous 
environment. The OsciBot performed a highly controllable oscillating 
motion with outstanding output work and hence a fast and controllable 
swimming speed, >1.15 body lengths/min, which outperforms 
state-of-the-art soft swimmers. A series of quantitative analyses 
provided a deeper understanding of the correlation between oscillation 
parameters and swimming performance. Moreover, the OsciBot 
could shrink to 5% of its original size in its dry state and reswell in 
water, making it encapsulatable and deployable on demand. The 
hydrogel oscillator provides potential in automated systems, soft 
robotics, miniaturized transport, solar sails, drug delivery, and 
surgical applications.
RESULTS
For the typical oscillation, an AuNP-embedded PNIPAAm (AuNP/
PNIPAAm) hydrogel pillar was mounted vertically on the ground 
of a water bath, as shown in Fig. 1 (A and B) and movie S1. Upon 
exposure to a horizontal green laser (532 nm; input power, 175 to 
900 mW; beam diameter, 1 mm), the photonic energy was absorbed 
and converted into thermal energy. With an appropriate pillar 
diameter, photoabsorber concentration, and light power, the illuminated 
site of the pillar (referred to as the “hinge” hereafter) reached a local 
temperature (T) above the lower critical solution temperature (LCST) 
of PNIPAAm (~32°C), whereas the back side of the hinge remained 
at a temperature lower than the LCST. The illuminated side with T > 
LCST therefore shrank as a result of the expulsion of water through 
diffusing out of hydrogel network, whereas the nonilluminated 
side remained swollen. Such a photo-triggered asymmetric stretching 
field induced the pillar to bend toward the light source, followed by 
continuous and stable oscillation.
The mechanism of self-sustained oscillation is rooted in the 
photothermally induced self-shadowing effect coupled with the high 
speed of hydrogel actuation, regulated by a built-in negative feedback 
loop shown in Fig. 1C. At state 1, an arbitrary spot of the pillar is 
illuminated and heated above the LCST. The front side of the pillar 
rapidly shrinks because of fast water diffusion, leading to the overbending 
(past the equilibrium position determined by the incidence angle) 
(state 1 − state2) and thus an initial speed caused by inertia. Then, 
the overbent tip blocks the light source from illuminating the hinge 
(in the shade), resulting in a decrease of the hinge temperature. At 
state 2, the tip is at the lowest position with the largest elastic energy, 
and the temperature is at the LCST, as shown in Fig. 1D. The shadowing 
by the tip then allows for a continuous cooling of the hinge below the 
LCST, leading to the rapid reswelling of the gel and pillar unbending 
(recovery) back to state 3, where the hinge is exposed to light again. 
Because the hinge temperature is still below LCST and there is an 
upward velocity, the gel keeps recovering until the temperature 
reaches the LCST (state 4). At state 4, the tip is at the highest position, 
also re-storing the largest elastic energy. With the light exposure 
on the hinge, the temperature keeps increasing to above the LCST, 
which bends the tip back down to state 1 to start the next cycle. The 
mechanical oscillation of the tip corresponds to the temperature 
fluctuation of the hinge (Fig. 1D), exhibiting a 90° phase shift 
between the two oscillations, which forms a photo-thermo-mechanical 
negative feedback loop inherent to the light-material interactions. Overall, 
the mechanism of out-of-equilibrium actuation has two folds: During 
the dynamic light–material interactions, a self-shadowing–enabled 
negative feedback loop makes the bending pillar inclined to stay 
aligned with the light source (equilibrium state photo-tracking, fig. 
S6A); however, meanwhile, the fast and substantial volume change 
of the photoresponsive hydrogel generates the (un)bending driving 
force that is large enough to overcome the water damping, breaking 
the equilibrium and thus presenting an out-of-equilibrium behavior, 
oscillatory actuation (fig. S6B).
To identify the material requirements for oscillation to occur, 
we fabricated hydrogels with a series of cross-linking densities 
[N,N′-methylenebis(acrylamide) (BIS) as cross-linker]. The relatively 
densely cross-linked hydrogel pillars [2.0 weight % (wt %) and 3.0 wt % 
BIS] reached an equilibrium state, steadily pointing to and tracking 
the light source, instead of oscillating (fig. S7). By contrast, the 
loosely cross-linked hydrogel (1.5 wt % BIS) had relatively larger 
pores (fig. S4), which facilitated fast water diffusion in and out of 
the hydrogel network, resulting in higher diffusivity (D) and thus 
rapid volume change (fig. S3). In addition, larger pores also led to a 
larger degree of volume change than the dense gel under an identical 
illumination condition (fig. S3). Hence, given the same deflection 
angle (90°) of the pillar (Fig. 1B), the loosely cross-linked hydrogel 
deforms a smaller amount across its thickness compared with the 
relatively dense hydrogels. Smaller deformation depth (t) and the higher 
diffusivity (D) enable a smaller diffusion time scale (t2/D) required 
for reaching a certain deflection angle. This ultrafast deswelling and 
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swelling generates large driving forces for deflection and recovery, 
respectively, which are sufficient to overcome water damping (i.e., 
the frictional force from the surroundings) and to produce the over-
shoot of the pillar. This driving force breaks through the equilibrium 
for the light-tracking state exhibited by the slower-responding gel, 
facilitates an out-of-equilibrium motion, and also maintains the 
oscillation (movie S2 and fig. S7).
To further explore the geometrical and spatial requirement of 
the oscillation, we demonstrated the oscillation of a fishhook pillar 
(fig. S9A and movie S3), where only the hinge and tip were alterna-
tively exposed to the light. However, the front and back sidewalls of 
its arm (or cantilever) were not exposed to light and thus did not 
contribute to the oscillation. The oscillation of fishhook pillar had a 
similar frequency and amplitude as those of the straight pillar. Also, 
the oscillation was found to be independent of the original orientation 
of the pillar, as shown in fig. S9 (B and C) 
and movie S4 for an example 90° deflec-
tion angle. Therefore, the only key requi-
site for realizing oscillation is rapid and 
reversible deformation of the exposed 
hinge, which does not impose constraints 
on the cantilever geometry or the initial 
pillar position. Note that the hinge here 
is not preprogrammed or predesigned in 
the pillar, which is chemically and struc-
turally homogenous; instead, the hinge 
is redefinable, because it is instantly 
formed by the variable light incident on 
any arbitrary location on the pillar.
To date, most soft actuators and oscil-
lators can achieve only single-directional 
motion, limiting the DOFs in robotic 
motion (19–22). To realize an omni-
directional response to stimuli coming 
from arbitrary zenith angles (Fig. 2A) 
and azimuthal angles (Fig. 2B), we de-
signed a chemically homogeneous and 
geometrically symmetric hydrogel pillar 
(see movie S5). For an originally upright 
pillar (d = 0.9 mm), the 500-mW light 
approached from different oblique angles. 
We found that an oscillation could be 
generated with any deflection angle in 
the range of 59° to 90° (Fig. 2C) with 
about the same frequency (Fig. 2G). At 
this particular light power and pillar 
diameter, an angle smaller than 59° re-
sulted in light tracking (movie S5). To 
achieve the oscillation at a smaller deflec-
tion angle, one approach was to increase 
the power density of incident light, which 
increased the driving force as a result. 
Alternatively, when the pillar diameter 
was reduced to 0.36 mm, oscillation was 
realized for deflection angles as small as 
8° (Fig. 2D). When the pillar was initially 
placed horizontally, we realized an os-
cillation at 0° deflection angle, which has 
proven hard to achieve in previous re-
ports. Realization of this 0° oscillation perhaps is facilitated by the 
contribution of the weight of the pillar in the horizontal position in 
partially providing the driving force downward (Fig. 2E). For this 
0° oscillation, by slightly tuning the height of the light with respect 
to the initially horizontal pillar, a unique asymmetric flapping was 
achieved (upper-biased flapping and lower-biased flapping, respec-
tively) in addition to the symmetric flapping (fig. S10). Therefore, 
the wide operation window of deflection angles allows for sophisti-
cated, versatile actuation.
Moreover, we showcased the hydrogel oscillation in response to 
multiple azimuthal angles (Fig. 2, B and F). Light coming from four 
different angles covering the entire horizontal plane could all initiate 
oscillation with the same frequency (Fig. 2H). The oscillation frequency 
under various zenith angles (Fig. 2G) and azimuthal angles (Fig. 2H) 
is governed by the frequency formula (Eq. 1) shown below. At this 
Fig. 1. Light-driven hydrogel oscillator. (A) Schematic representation of the gel oscillator and the setup. Initially, 
the gel-made pillar is placed vertically on the ground in water. As the light is switched on, the gel pillar bends toward 
the light (step i) and then starts the oscillation (step ii). (B) Superimposed frames indicating the tracking followed 
with oscillation. The gel dimensions are 14 mm (L) by 0.9 mm (d). (C) Mechanism of the oscillation: The out-of-equilibrium 
actuation is controlled by a self-shadowing–enabled negative feedback loop inherent in the dynamic stimuli-material 
interactions. Photothermal effect of AuNP induces the temperature increase over the LCST of the PNIPAAm gel, leading 
to the local shrinkage of the gel and pillar tracking toward the light. Among the oscillation cycles, the tip displacement, 
temperature, and specific volume of the gel experience periodically change over time. (D) Time-resolved tip displacement 
and local temperature of the hinge for the system with the LCST of 32°C. There is a 90° phase shift of two curves. Dark 
columns represent the upstroke of the tip, where the temperature is lower than LCST and gel locally recovers. Bright columns, 
however, represent the downstroke of the tip, where the temperature is higher than LCST and gel locally deswells.
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stage, we have achieved omnidirectional 
oscillation at arbitrary zenith and azi-
muthal angle, exhibiting photo-induced 
kinetic energy generation in the entire 
3D space.
To describe the fundamental physics 
of the oscillation, we performed analytical 
modeling to establish a governing equa-
tion. First, to characterize the oscillation 
frequency, we considered the oscillating 
pillar as a cantilever beam. Because the 
hydrogel is submerged in water, the 
damping due to the water cannot be 
neglected. The angular frequency of the 
first bending mode of the damped can-
tilever beam can be calculated as (26)
  d =   1  √ 
_
 1 −   c 
2  L 4  ─4AEI (1)
where   1 ≈ 3.5  √ 
_
 EI /   AL 4 is the angular 
frequency of the first bending mode 
without damping, c is the damping co-
efficient per unit cantilever length, E is 
Young’s modulus, I is the area moment 
of inertia,  is the hydrogel density, A is 
the cross-sectional area of the cantilever, 
and L is the cantilever length (see details 
in section S5.2). The oscillation frequency 
(fd = d/2) for a pillar with a circular 
cross section of diameter d is then written 
as (see details in section S5.2)
 f d =  3.5 ─8  
d ─ 
 L 2 
 √ 
_
 E ─  √  1 −  64  c 2  L 4 ─E   2  d 6  (2)
According to our experimental data, 
E = 6.3 kPa (see fig. S5),  = 103 kg/m3, 
L ≈ 10 mm, d ≈ 1 mm, and the natural 
period of the cantilever vibration without 
damping is t1 = 2/1 ≈ 0.29 s. Solvent 
diffusion in the hydrogel has a different 
time scale of tdiff = d2/D, where D is the 
diffusivity. On the basis of our measure-
ment D ≈ 10−7 m2/s, the diffusion time 
scale tdiff can be estimated as around 10 s, 
which is larger than the inertia time scale. 
Thus, this model has revealed that the 
oscillation frequency is dominated by 
inertia and less influenced by diffusion.
With this model, we further investi-
gated the contributions of inertia and 
diffusion in the oscillation. Figure 3 and 
movie S6 illustrate the theoretically and 
experimentally measured frequency as a 
function of arm length and diameter. As 
the arm length increased, the frequency 
for an undamped cantilever dropped in 
a scaling of f1 = 1/2 ≈ L−2, as shown 
Fig. 2. Realization of omnidirectional oscillation. (A) Schematic of zenith scenario, where the pillar is originally 
placed upright at the bottom with light approaching at different zenith angles. (B) Schematic of azimuthal scenario, 
where the pillar responds to the light approaching at different azimuthal angles. (C) Zenith angle test for a pillar with 
a diameter of 0.9 mm. Under light exposure of 500 mW, the oscillation could be initialized ranging from 90° to 59°. 
Deflection angle ≤56° resulted in tracking. (D) As the diameter was reduced to 0.36 mm, oscillations with 90° to 0° 
deflection angles and a large oscillation amplitude were observed. Each frame represents 1.3 s for all four different 
angles. (E) Symmetric, upper-biased, and lower-biased oscillations at 0° deflection angle. (F) Superimposed snapshots 
of a pillar in response to different azimuthal angles of light. The frequency dependence of oscillation at (G) different 
zenith angles and (H) different azimuthal angles. Error bars indicate SD. (To show the relative positions, all images are 
superimposed photos of pillars of different configurations at different time points during oscillation.)
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by the black dashed curve of Fig. 3A. Considering the water damping 
of the system, the fitting curve of experimental results will be modi-
fied to the red solid curve (see details in section S5.1). To explore the 
diameter effect, we fabricated pillars with different diameters but 
the same arm length. The frequency-diameter profile was linear when 
the diameter was relatively large, consistent with the frequency 
formula in Eq. 2. However, the water damping term became dominant 
as the diameter decreased, leading to a deviation from the black line. 
By fitting the experimental results of the frequency versus diameter 
plot (Fig. 3C) and the frequency versus arm length plot (Fig. 3A), we 
obtained the damping coefficients per unit length c to be 3.265 × 10−4 
and 1.272 × 10−4, respectively, which validates the formula of the 
vibration frequency, Eq. 2 (see details in section S5.1). Furthermore, 
Fig. 3 (A and C) shows that the experimentally observed oscillation 
frequency agreed well with the theoretical prediction, verifying 
the domination of frequency by inertia rather than diffusion. 
On the other hand, for the pillar to bend to a large angle such as 
90°, the water does not need to diffuse through the entire thickness of 
the hydrogel, but only through a thin layer on the surface. This is sufficient 
for the hydrogel to bend to a relatively large angle in an oscillation 
period. Generally, during the oscillation, the diffusivity and speed 
of bending determines whether there is oscillation or tracking, while 
the inertia determines the frequency of the oscillation (see details 
in section S5.4).
In addition, we numerically solved the dynamic oscillation equation 
for the damped cantilever beam under constant light illumination 
(section S5.2). The tip displacements for different values of arm 
length and diameter are shown in Fig. 3 (B and D). The simulated 
and experimental results for variations in both diameter and arm 
length show very good agreement, with only ~10% mismatch.
The oscillation performance could also be affected by light in-
tensity. As movie S7 shows, for a hydrogel pillar of certain response 
rate/ratio and dimension (L = 17 mm, d = 0.36 to 0.9 mm, 1.5 wt % BIS), 
an input power lower than a certain threshold (150 to 225 mW) 
yielded only light tracking. As the input power increased above the 
threshold, the vibration was amplified cycle by cycle and eventually 
reached a stable oscillation (fig. S8). A higher light intensity allowed 
for a broader temperature fluctuation and thus a larger pillar over-
bending angle, leading to a higher oscillation amplitude (Fig. 4A). 
Increasing the input power initially induced a slight frequency drop 
(Fig. 4B), which may arise from the longer traveling distance required 
to overcome the water damping and slow down the bending/recovering 
speed. As the light intensity was increased further, the frequency 
drop was then compensated by the higher bending speed at a higher 
light intensity (Fig. 4B). Therefore, the oscillation frequency of the 
current system solely depends on the geometry and the mechanical 
properties of the pillar. Moreover, our study indicates that a lower 
pillar diameter can initiate a higher oscillation amplitude at a given 
Fig. 3. The frequency of the oscillator dependent on the geometry. (A) Frequency as a function of arm length. The fitting curve with water damping consideration 
matches better with the experimental data (red curve, R2 = 0.987) compared with no water damping (black dashed curve, R2 = 0.983). (B) Comparison of the experimental 
(upper) and computer simulation (lower) result of the time-resolved tip displacement. The dimensions of pillars are as follows: d = 0.56 mm; L = 13 mm (blue), 17 mm (red), 
and 22 mm (gray). (C) Frequency as a function of diameter. (D) Comparison of the experimental and theoretical results. The dimensions of pillars are as follows: 
d = 0.56 mm (purple), 0.78 mm (green), and 1.03 mm (brown); L = 17 mm. Input power, 300 mW. Scale bars (in A and C insets), 1 cm. Error bars indicate SD.
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input power (Fig. 4C). The higher amplitude for thinner pillars is 
due to the smaller tdiff for a thin pillar, which results in considerable 
bending kinetics and magnitudes.
The operation condition of input power was systematically in-
vestigated. We summarized the anticipated effects of parameters 
including the pillar diameter, the arm length, and the absorption 
(section S4.6). Optimal operation condition of oscillation (blue 
regime in fig. S11) is defined between the threshold intensity of 
oscillation (i.e., the minimum input power density required for 
realizing oscillation) and the unstable intensity, beyond which the 
oscillation will deviate significantly and be chaotic. First, with a 
higher arm length, the threshold intensity required to oscillate was 
gradually reduced, specifically 122 mW for an aspect ratio of 20. In the 
meantime, the upper limit for stable oscillation (unstable intensity) 
was also reduced. Second, with a smaller pillar diameter, both the 
threshold intensity and the unstable intensity were reduced because 
of the lower tdiff. Third, a higher concentration of photoabsorber 
could also help reduce the threshold intensity and unstable intensity, 
due to the stronger photothermal effect. Therefore, to reduce the 
required input power intensity for oscillation, a hydrogel pillar with 
a larger arm length, a lower diameter, and strong photothermal 
absorbers would be preferred.
Realizing oscillation using ambient light source is challenging but 
important for practical applications. On the basis of above analyses 
of operation condition, we optimized the material composition and 
geometry to lower the threshold intensity of oscillation to better adapt 
to the ambient environment with relatively lower light intensity and 
diffusive direction. Here, we have successfully demonstrated a 
hydrogel pillar oscillating under broadband white light, which has a 
spectrum close to that of sunlight and the intensity of 2.5 suns (section 
S4.7 and movie S11). To respond to this white light, we used PANi 
as absorbers for its high light absorption efficiency throughout broad 
wavelength spectra. We also made pillars slightly thinner and longer 
in arm length (section S2.5) to further lower the threshold intensity. 
The tip displacement was not as regular as under laser (fig. S12). 
The oscillation amplitude was slightly chaotic, which might be due 
to the diffusive light direction making the shadowing less regular. 
However, the frequency of oscillation stably maintained at ~0.085 Hz, 
indicating that the oscillation still obeyed the governing equation of 
frequency.
Figure 4 (D and E) and movie S8 demonstrate the long-term sta-
bility of the AuNP-PNIPAAm hydrogel oscillation under prolonged 
green light exposure. We monitored the motion of the hydrogel 
oscillator over 3600 s of continuous illumination. It displayed highly 
stable and relentless long-lasting motion with nearly no noticeable 
fluctuation. Being continuously fueled by light in a stable environ-
ment, the hydrogel pillar is anticipated to oscillate perpetually.
Last, with the powerful oscillator, we successfully created an all-soft 
phototaxis swimming robot, the OsciBot, capable of propulsion-based 
high-speed locomotion (Fig. 5A). It is worth pointing out that 
although there are some propelling robots based on temperature- 
responsive hydrogels, they mainly rely on the alternating stimuli to 
achieve the motion (27, 28). However, we can convert the constant 
energy input into a periodically moving unit in the quest to generate 
energy-efficient and robust robotic materials. Our swimming robot 
is made entirely of the same hydrogel material; the design included 
Fig. 4. Input energy dependency and long-term stability of oscillation. (A and B) Amplitude and frequency as a function of input power. When the input power was 
higher than the threshold energy, the amplitude increased as input power increased. The frequency, however, maintained a relatively similar value. The thinner pillar 
could also oscillate with larger amplitude at the same power input. (C) Given the same power input of 300 mW, a thinner pillar oscillated at larger amplitude because of 
a smaller diffusion time scale t2/D. Tip displacement (D) and frequency (E) upon irradiation of 200 mW over a long period. The dimensions of the pillar are as follows: L = 22 mm 
and d = 0.56 mm. Once reaching steady oscillation, the long-lasting oscillation could be maintained stably over a long period with little frequency and amplitude fluctuation. 
Error bars indicate SD.
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a long hydrogel strip, serving as the paddle, attached perpendicular 
to a planar hydrogel sheet (fig. S13). As Fig. 5B shows, the robot 
could float on water because of surface tension on the hydrogel sheet, 
despite the slightly higher density of hydrogel than that of water. 
The strip of OsciBot serves as an active flipper to kick water backward 
and generate propulsion, providing the force to swim away from the 
light source. When shining light on an 
arbitrary position of the flipper, it im-
mediately bent upward, followed by con-
tinuous oscillating that propelled the 
OsciBot to move away from light precisely 
following the illumination direction.
Figure 5C depicts OsciBot’s move-
ment fueled and controlled by light. The 
maximum measured swimming speed 
was 18.3 mm/min, equivalent to 1.15 body 
lengths/min, which outperforms previous 
photoresponsive soft robots inspired by 
cilia (29) and flagella (30) with swim-
ming speeds of 0.08 body lengths/min 
and 0.32 body lengths/min, respectively 
(Fig. 5D). We have further investigated 
the robotic performance quantitatively 
(sections S4.9 and 5.5) and found that 
the oscillating parameters—including the 
frequency, the amplitude, and the tip 
velocity or the thrust—all affect the swim-
ming velocity. From the different oscilla-
tion amplitudes of the same OsciBot with 
a fixed thickness and aspect ratio of the 
arm, we observed that the OsciBot swam 
faster with a larger oscillation amplitude 
in a linear fashion (Fig. 6A), because the 
strip propelled more water backward 
during one cycle. The larger amplitude 
also indicates longer distance for the strip 
tip to travel, leading to a slight frequency 
drop, consistent with our experimental 
observation in Fig. 4B. Thus, the swim-
ming velocity inversely correlates with 
the oscillation frequency. Furthermore, 
we established the correlation of swim-
ming velocity of the OsciBot and the 
velocity of strip tip displacement. With 
the strip beating faster, the thrust of 
cantilever was calculated to increase in 
a quadratic law (section S5.5). Experi-
mentally, such faster beating resulted in 
higher swimming velocity. Therefore, a 
larger thrust leads to higher swimming 
velocity of the OsciBot. By further in-
creasing the light intensity, improving the 
light absorption efficiency, and rationally 
optimizing the geometry of the paddle 
as well as the substrate, the swimming 
performance can be further enhanced. 
In addition, potentially, the speed may 
also be tuned with the fluid properties 
and flow structure. For instance, a sym-
metric, reciprocal oscillation is likely to generate directional move-
ment more efficiently in a non-Newtonian fluid of a low Reynolds 
number, where the net propulsion is caused by the differential 
apparent fluid viscosity under asymmetric shearing conditions (31).
To demonstrate the controllability and flexibility of the light- 
induced motion, we examined the swimming behavior by intermittently 
Fig. 5. Self-sustained oscillator-based soft swimming robot (OsciBot) powered and controlled by visible light. 
(A) Scheme of the soft swimmer and (B) real oscillation in water. The green arrows denote the light direction. (C) Sequential 
snapshots of swimmer while shining constant light. Input power was 450 mW. (D) Velocity versus mass of swimmer 
in comparison with previous reports. A represents a PDMS-cardiomyocyte biohybrid swimmer (35); B represents a 
ciliate-inspired swimmer (29); C represents a flagellum-inspired swimmer (30); D represents a hydrogel swimmer under 
water (36); and E represents an eel-inspired microrobot (37). (E) Comparisons of the fully swollen, thoroughly dried, 
and reswollen soft swimmer, showing on-demand encapsulating and deployable abilities. Scale bars, 1 cm. (F) On/off 
control of soft swimmer. While the light was switched on, the swimmer kept moving forward. Once the light was 
switched off, the swimmer stopped in response. During every cycle of the oscillation, mainly the downward stroke 
(via deswelling) pushed the swimmer forward, resulting in the step-by-step movement over time.
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switching the light on and off (Fig. 5F). The swimming robot moved 
forward at constant speed while the light was on. In the absence of 
the light, it instantly slowed down and rapidly stopped. Another re-
markable point is to determine the dependency of the OsciBot’s 
motion on the upstroke and downstroke during a single cycle. As 
illustrated by the inset in Fig. 5F, the robot swam forward quickly 
during every upstroke (deswelling) and moved slowly during every 
downstroke (recovery and reswelling), exhibiting a stepwise motion. 
This suggests that the beating-flipper system features a small recip-
rocating motion effect. With the highly controllable steering direct-
ionality, the phototactic locomotion also has demonstrated the 
potential of maneuverability (section S4.10), owing to the nature of 
the oscillator precisely following the incident light.
The hydrogel swimmer can also be deployable on demand to 
perform tasks such as miniaturized packaging and transport. Bene-
fitting from the nature of the hydrogel with a high water content 
(up to 95.1 ± 0.64% for our system), the soft swimmer could be dried 
and shrunk to 1/20th of its original fully swollen size and weight. 
Thus, as shown in Fig. 5E, the soft swimmer could be encapsulated 
and stored at a greatly reduced size and then swollen back to its 
original shape on demand, showing easy portability, good deploy-
ability, and robustness.
DISCUSSION
In summary, we have realized artificial phototaxis with an all-soft 
self-propelled swimmer actuated by the autonomous oscillation of a 
photosensitive hydrogel under illumination. The phototactic loco-
motion robot is propelled by autonomous oscillation, which is gen-
erated, powered, and controlled by constant visible light. This has 
advantages from using ambient environ-
mental energy and alleviates an on-board 
battery or a tether in performing tasks 
in open water or limited space. With the 
intelligent material that can perform the 
lower-level control task using its built-in 
feedback loop, the overall load on the 
control system for a robotic system can 
be significantly reduced, allowing for more 
sophisticated autonomy and performing 
previously unachievable complex tasks.
Specifically, we created a conceptually 
new autonomous oscillator with a con-
stant input. This fundamentally breaks 
through the conventional pulsed-input- 
relying oscillation systems. Here, this out- 
of-equilibrium actuation in particular 
arises from a self-shadowing–enabled 
negative feedback loop inherent in the 
dynamic light–material interactions, pro-
moted by the fast and substantial volume 
change of the photoresponsive hydrogel. 
This mechanism is verified by the ex-
perimental observation of the periodic tip 
displacement rhythmically well matched 
with the time-dependent hydrogel hinge 
temperature changes. Combining experi-
mental and theoretical modeling, we can 
expand from this photo-thermal-kinetic 
self-oscillation generation mechanism into a generic physical 
principle—how to convert a continuous input into a discontinuous 
output in different energy forms. One can use the input stimuli–
induced responses (e.g., shape or property changes) as the feedback 
to, in turn, inform and modulate the input. This will form a built-in 
feedback loop to realize self-control of the material property or 
environmental condition and to generate periodic behaviors (e.g., 
mechanical, temperature, or chemical oscillations, such as in local pH 
or molecular concentration).
Furthermore, this soft oscillator is powerful and robust in gener-
ating a force large enough to overcome water damping. This allows it 
to perform as an all-soft autonomous swimming robot. The OsciBot 
exhibits negative phototactic movements with a high swimming 
speed and controllable motion in a high damping environment. The 
demonstrated phototactic locomotion precisely follows the incident 
light, showing highly controllable steering directionality and potential 
maneuverability (section S4.10). This broad-based platform of self- 
oscillator–based autonomous robots may be expanded from light- 
driven to be powered by many other input energy forms and switched 
from aquatic to aerial robots (e.g., flapping-wing flight), with follow-
ing customizations on material and robotic design.
In terms of materials design, this particular photo-oscillation is 
achieved by combining photoabsorbers of high photothermal effi-
ciency (fig. S1) with fast and reversible thermally responsive hydrogels. 
The modular design of responsive materials allows the oscillator 
platform to be customized and expanded by incorporating a variety 
of absorbers and stimuli-responsive soft materials that transduce 
many continuous input stimuli—such as light, pH, (electro)magnetic 
fields, electric fields, and microwaves—into kinetic energy, in the form 
of the oscillatory movements and resulting directional locomotion. 
Fig. 6. The effects of oscillation parameters on swimming performance of the OsciBot. OsciBot velocity as the 
function of (A) the amplitude, (B) the frequency, and (C) the beam tip velocity of the oscillation.
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In addition, the homogeneous featureless structure of the oscillator 
makes it convenient to fabricate by additive manufacturing. It may 
be easily scaled down as a micromachine or scaled up and integrated 
as an active element into large autonomic systems to meet the require-
ments for different environments. The untethered, environmental 
energy–powered robots may perform solar-powered water sampling 
for oceanographic application.
In terms of robotic motions, the oscillation frequency and am-
plitude can be tuned by the gel geometry and dimensions and light 
intensity, as well captured by our established governing equation. 
With our predictive analytical model, a broad range of oscillatory 
behaviors may be achieved by tuning or optimizing the oscillator 
design, oscillation mechanics, and ambient conditions to meet dif-
ferent users’ demands (32). The self-sustained oscillation provides a 
versatile capability that may be used in autonomous soft robots, such 
as submerged swimmers with cilia-like motion (33) and transporting 
devices (34). It may also be scaled up or integrated in a large marine 
vehicle as the active component. Such a self-sustained, tightly con-
trolled, synthetic oscillatory material system may lead to advances 
in developing robotic counterparts of natural systems. For example, 
this system may be potentially used for maintaining homeostatic 
control and generating autonomous oscillations for biomedicine and 
surgical applications.
MATERIALS AND METHODS
Materials preparation
AuNPs were fabricated using the citrate reduction method (section 
S2.1). Pillar and swimmer polydimethylsiloxane (PDMS) molds were 
fabricated by curing PDMS (Sylgard 184) around hypodermic needles 
of varying gauge widths and 3D-printed swimmer models, respec-
tively, at a 10:1 elastomer–to–curing agent weight ratio at 45°C for 
4 hours. The AuNP/PNIPAAm precursor solution was prepared by 
mixing 40 wt % NIPAAm monomer, 1.5 wt % BIS, 0.5 volume % 
Darocur 1173, and 0.5 wt % AuNPs in dimethyl sulfoxide (DMSO).
The prepolymer solution was injected into the desired PDMS 
mold and covered with a 3-(trimethoxysilyl)propyl methacrylate 
(TMSPMA)–treated cover glass (section S2.3). The hydrogel pillar was 
cured in its respective PDMS mold under ultraviolet (UV) light for 
80 s and then carefully removed and immersed in water to remove 
DMSO and excess monomer. The OsciBot was fabricated in its 
respective PDMS mold without the cover glass step and also poly-
merized under UV light for 80 s.
Characterizations
The tip displacement for all hydrogel was recorded with a digital 
camera equipped with a red filter. Temperature evolution of the hinge 
was measured with a thermocouple. The deswelling and swelling 
kinetics of the hydrogel was measured by heating and cooling a 
hydrogel cylinder in a water bath. The microstructure was observed 
with a Supra 40VP scanning electron microscope. The tensile test 
was measured with the dynamic mechanical analyzer (Q800, TA 
Instruments). All details of characterization are discussed in the 
Supplementary Materials.
Simulations
We modeled the hydrogel pillar as a 1D damped cantilever beam. 
The dynamic vibration equation of the beam with small deflection 
was formulated. The actuation of the beam is induced by the surface 
illumination, which causes a temperature gradient and therefore 
solvent concentration gradient in the thickness direction of the 
hydrogel. The photo-thermally driven solvent migration was modeled 
as a 1D diffusion problem in the thickness direction. With the oscilla-
tion of the hydrogel, the light spot resides on its top or bottom surface, 
and the boundary condition of the diffusion equation is switched 
correspondingly. We solved the coupled diffusion equation and the 
dynamic vibration equation by the forward-time central-space finite 
difference method. The parameters that we used in the simulation 
are laser diameter dph = L/20, cross-link number per monomer volume 
N = 10−3, polymer-solvent interaction constant  = 0.3, photo- 
chemical potential ph/kBT = 5 × 10−4, diffusivity D = 10−7 m2/s, 
density  = 103 kg/m3, and Young’s modulus E = 6.3 kPa, unless 
otherwise stated.
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